INTRODUCTION
============

For patients with brain tumors which permit surgical resection, the intact fiber pathway always predicts a good prognosis and should be protected during surgery ([@B1]). The preoperative exploration and estimation of the intactness of fiber pathways is of great value in optimizing the surgical plan and protecting the important fibers. Currently, diffusion tensor imaging (DTI) is the only available tool that displays the pathway of neural fibers *in vivo*. Thus, it is critical to evaluate the involvement of white matter by reconstruction of the fiber pathway and fractional anisotropy (FA) changes. Previous studies have found that the displacement, deformation, infiltration, disruption, and disorganization of the fibers due to tumors are well recognized by the destruction of fiber tracts or decreased FA values from DTI tractography ([@B2][@B3][@B4]).

As corticospinal tract (CST) is the most important pathway responsible for intact motor functions, it has been widely explored using DTI. In a study of brain tumors with abnormal CST (including deviated, deformed, and interrupted tract), DTI showed high sensitivity in predicting the functional injury of the peritumoral white matter in the brain stem, although with low specificity ([@B5]). This effect causes a dilemma for neurosurgeons, and might result in overestimating the destruction of neural fibers ([@B6]). Similar results were also obtained in stroke patients by using a morphological evaluation ([@B7]). Compared with evaluation of morphological changes, evaluating neural fiber injury by using quantificational DTI metrics might be more reliable.

Several studies demonstrated that the FA value decreased in patients with abnormal motor function ([@B8][@B9][@B10]). In stroke patients, Puig et al. ([@B11]) used a cutoff value of 0.925 for relative FA (rFA) to predict motor deficits, and obtained high sensitivity and specificity of 95.2% and 94.9%, respectively. However, as a non-specific parameter, it is unclear whether FA can accurately predict the structural damage to the CST in brain tumor. Few studies have assessed the value of FA in predicting the CST damage ([@B9][@B12][@B13]). Thus, it is of great clinical significance to estimate the value of FA in predicting the destruction of the CST, and explore the optimal factors to help improve diagnostic accuracy. We hypothesized that FA combined with other DTI alterations, could accurately predict CST injury in patients with brain tumors. The purpose of this study was to identify the optimal factor of predicting CST injury caused by brain tumors.

MATERIALS AND METHODS
=====================

Subjects
--------

This study was approved by the Institution Review Board. All patients provided written informed consent. Patients with suspected brain tumors who had undergone preoperative DTI, were prospectively enrolled in this study. Patients were excluded if: 1) they had received hormone therapy or radiotherapy before the MRI scan; 2) they had a large tumor involving the bilateral CST; 3) the motor cortex was invaded by a tumor, edema, or compression; or 4) they had infratentorial tumors. Finally, a total of 97 patients (58 males and 39 females; mean age, 51 years; age range, 14--78 years) with intracranial tumors confirmed by histopathology, were included in the study. Of these patients, 31 were low-grade gliomas (World Health Organization \[WHO\] grade I--II), 30 were high grade gliomas (WHO grade III--IV), 14 were metastatic tumors, 20 were meningiomas, and 2 were lymphomas. There were 54 tumors located in the frontal region, 17 in the temporal region, 9 in the basal ganglia region, 5 in the temporo-occipital region, and the remaining were located in the occipital, parietal, frontotemporal, temporoparietal, and frontoparietal regions. The muscle strength of the upper and lower limbs was evaluated with a clinical examination (level 0--5) ([@B14]). Reduced muscle strength was present in 33 patients, and the remaining 64 patients showed normal strength. For subjects with inconsistency in the upper and lower limb strength, the weaker limbs were used for the analysis.

DTI and Post-Processing
-----------------------

MRI scanning was accomplished using Signa GE 3T HDxt (GE Healthcare, Milwaukee, WI, USA) with an eight-channel head coil. Before DTI acquisition, conventional T1-weighted imaging (T1WI), T2-weighted imaging (T2WI), fluid attenuated inversion recovery, and contrast enhanced T1WI were performed. DTI parameters were as follows: repetition time and echo time of 10000 ms and 87 ms, respectively; 30 directions; b values of 0/1000 s/mm^2^; matrix of 128 × 128 interpolated to an image matrix of 256 × 256; and slice thickness of 4 mm with no gaps. A total of 30 consecutive slices were acquired in 6 minutes. The original data were exported to DTIStudio (Johns Hopkins University; <https://www.mristudio.org/>). Images were observed in the "Original View" and remarkable motion artifacts were removed. An affine warp model in Automated Image Registration was used to correct image distortions due to eddy currents, and misregistration due to head motion. After correction of the data, the three eigenvalues, λ1, λ2, and λ3, were calculated. The FA maps were also calculated.

Measurements
------------

Fiber tracing was carried out after calculating the tensor. The criterion to stop the tracking was set to a turning angle greater than 60 degrees, and the FA threshold was set to 0.15. According to the expected CST pathway, the tracer for a region of interest (ROI) in the anterior pons, posterior internal capsule and pre- and post-central gyrus was determined. The logical operator "and" was used to obtain fiber bundles passing through the three ROIs, while the operator "not" was used to remove fiber bundles outside of the ROIs. The CST displacement of the affected side was measured according to the location of the contralateral CST at the level of the maximum tumor size ([Fig. 1](#F1){ref-type="fig"}). The minimum distance between the affected CST and the tumor was also measured. The boundaries of the tumors were evaluated by a specialist (having more than 20 years of diagnostic experience) using all MR images, including contrast-enhanced images. The average FA of the whole CST was evaluated using the "tract statistics" function in DTIStudio. The rFA was calculated as the ratio between the FA of the affected side and the FA of the contralateral side. To evaluate the reproducibility and repeatability of the rFA measurement, the rFA was re-measured and re-calculated more than 3 months later by the same author. A medical student, who was also trained to trace the CST and was blinded to the previous results, measured and calculated the rFA. The relationship between the CST and the location of the tumor or edema was recorded. It included: the CST passing through the tumor, CST close to the tumor, CST close to a malignant tumor (including high-grade glioma, metastasis and lymphoma), CST passing through an infiltrating edema (areas of high signal intensity around a high grade glioma and lymphoma observable in T2WI), and CST passing through a pure vasogenic edema (areas of high signal intensity around the metastasis and meningioma). The expression "close to" was defined as true when the minimum distance between the CST and the tumor was zero.

Statistical Analysis
--------------------

Using a *t* test, the displacement, minimum distance, and rFA of the CST of patients with motor weakness were compared to patients with normal muscle strength. Receiver operating characteristic (ROC) curve was used to assess their classification efficiency. The optimal cutoff value was chosen to maximize the Youden index. Chi-square test was used to compare the frequency number of the CST location between patients with normal and decreased muscle strength. Logistic regression analysis (conditional forward) was used to determine the factors contributing to motor function. A predictive equation was generated with effective factors, and used to predict the motor weakness with a cutoff of 0.5. Intra-class correlation coefficients were calculated to assess intra- and inter-observer reproducibility for rFA. Statistical analyses were performed with SPSS software (version 22, IBM, Armonk, NY, USA), with two-sided *p* \< 0.05 indicating a significant difference.

RESULTS
=======

In 33 patients with motor weakness, the degree of motor weakness was level 0 in 1, level 2 in 2, level 3 in 10, and level 4 in 20 patients. In patients with motor weakness, the displacement (8.44 ± 6.64 mm) of the CST was significantly higher than in patients with normal motor function (4.64 ± 6.65 mm) (*p* = 0.009) ([Table 1](#T1){ref-type="table"}). Minimum distance (3.98 ± 7.49 mm) and rFA (0.83 ± 0.11) were also lower in patients with motor weakness than in patients with normal motor function (14.87 ± 12.04 mm and 0.98 ± 0.05, respectively) (*p* \< 0.001). ROC curve analysis revealed that the areas under the curve were 0.92 for rFA, 0.81 for minimum distance, and 0.69 for displacement ([Fig. 2](#F2){ref-type="fig"}).

Using the optimum cutoff value of 0.95 for rFA, the sensitivity and specificity to predict motor weakness were 84.8% and 87.5%, respectively. In patients with motor weakness, rFA with a level 2--3 (0.77 ± 0.09, n = 13) was significantly lower than rFA with a level 4 (0.87 ± 0.11, n = 20) in normal patients (*p* \< 0.001). The chi-square test showed that the frequency of patients with the CST passing through the tumor in the motor weakness group (6%) was significantly different from that of patients with normal motor function (0) (*p* = 0.002) ([Fig. 3](#F3){ref-type="fig"}). Similarly, the frequency of CST in the motor weakness group close to the tumor (23%, *p* \< 0.001), close to a malignant tumor (19%, *p* \< 0.001) ([Figs. 4](#F4){ref-type="fig"},[5](#F5){ref-type="fig"}), and passing through infiltrating edema (19%) ([Fig. 5](#F5){ref-type="fig"}), were also significantly different from that of patients with normal motor function (8, 1, and 10%, respectively) ([Table 2](#T2){ref-type="table"}). Logistic regression analysis showed that the factors rFA and CST close to a malignant tumor were effective contributors affecting the muscle strength, while the remaining factors were not included in the regression function. With a classification cutoff of 0.5, a total of 94.8% cases could be correctly classified by the predictive equation: $$P = \frac{\text{e}^{\text{4.157CMT−22.401rFA+19.21}}}{1 + \text{e}^{\text{4.157CMT−22.401rFA+19.21}} }\left( \chi^{2} = 77.551, p < 0.001 \right)$$ The area under the ROC curve generated with predicted probabilities of the equation was 0.96. There was a good correlation between repeated measurements of rFA. The correlation coefficient for the two measurements from the same author was 0.94 (*p* \< 0.001), whereas the correlation between the measurements of two different authors was 0.90 (*p* \< 0.001).

DISCUSSION
==========

Our results show that the displacement of the CST, minimum distance between the affected CST and the tumor, as well as rFA and the relative location of the CST with respect to tumors, impacted the motor function of patients with brain tumors. Among them, rFA and CST close to malignant tumors were the major contributors. In patients with decreased muscle strength, rFA was significantly lower than that of the normal muscle strength group, which is consistent with previous studies ([@B8],[@B9],[@B10]). In this group, rFA was an important marker for CST injury in brain tumors. With an optimum cutoff value of 0.95 for rFA, the sensitivity and specificity were 84.8% and 87.5%, respectively. In stroke patients, the sensitivity and specificity were 95.2% and 94.9%, to predict motor deficit with a cutoff value of 0.925 for rFA ([@B11]). The lower predicting accuracy in the current study may be associated with more complex pathological changes of white matter in patients with tumors ([@B15]). In areas of marked peritumoral edema, although the FA decreased, the integrity of the CST bundle was retained ([@B16][@B17]). Therefore, significantly decreased FA also observed in some patients with normal muscle strength. A previous study showed that the function of the white matter tracts in the area of edema, which showed interruption or branching, can be normal ([@B16]).

Upon combining with information regarding the closeness of the CST to a malignant tumor, there was an improvement in the predicting accuracy of rFA. The invasive growth of malignant tumors are capable of damaging the surrounding tissues. In our results, motor weakness occurred in 18 out of 19 patients with the CST close to a malignant tumor. Therefore, the "closeness to a malignant tumor" of the CST may supplement the rFA, and thereby improve the diagnostic accuracy. Preoperative determination of tumor histopathology may be difficult. Nevertheless, these malignant tumors generally show significant enhancement, thus being easily distinguished from a low grade glioma and meningioma.

The morphological changes of white matter include compression and displacement ([@B18][@B19][@B20][@B21]). For patients with motor weakness, the displacement of the CST is significantly higher. However, this was not a major factor affecting motor function in the logistic regression. Studies have shown that in cases of simple compression, the structure of neural fibers can still retain their integrity ([@B22][@B23]). Long-term continuous compression may lead to a decrease in the number of neural fibers or demyelination, causing a change in the FA ([@B13][@B24]). In a study of meningioma patients, motor weakness was found to be related to lower FA resulting from increased radial diffusivity (RD) of the CST ([@B13]). RD is the diffusivity perpendicular to the neural fibers, reflecting the integrity of the myelin sheath. This suggests that functional abnormality caused by white matter compression may be a result of the long-term effects of neural fiber degeneration.

The minimum distance between the CST and the tumor was significantly different between the two groups. This could be explained by the infiltrating growth of some brain tumors, especially malignant gliomas ([@B25]). The pathological condition, involving the CST passing through the tumor or infiltrating edema, was associated with motor weakness, except for pure vasogenic edema. Pure vasogenic edema around a meningioma and metastasis has a smaller effect on brain tissue, leaving the neural fibers undamaged ([@B26]). However, none of these factors were included in the regression function due to low specificity.

Challenges could be present in quantitatively evaluating white matter tracts. An important reason is the lack of an objective and consistent method to trace specific white matter tracts ([@B4]). However, the anatomical structure of the CST is easier to distinguish, and is relatively straightforward compared to other white matter tracts. Additionally, FA varies across individuals and different ages. Fortunately, FA was found to have good bilateral symmetry ([@B27][@B28]). In the current study, we used the relative FA compared to the opposite side, to minimize the effects of age and individual variation. Compared with the ROI-based method, measuring average FA of the whole CST showed less inter-observer variability with increased repeatability, especially in cases of distorted white matter ([@B8]). The high inter- and intra-observer correlation confirmed the reliability of our method.

This study has some limitations. First, the fiber-tracking method we used does not display complete CST bundles. When a voxel contains cross-fibers, namely more than two running directions of the fiber bundle, fiber tractography can only be obtained according to the synthetic direction connection ([@B16]). Therefore, at the centrum semiovale, the CST and the longitudinal beam cross-section of the fibers cannot be displayed ([@B16][@B29]). Second, due to peritumoral edema and infiltration, the lowest FA threshold (0.15) was selected to represent the structural state of the white matter ([@B30]). However, there is still no consensus on the threshold. In addition, this study is not based on the number of fibers and the white matter bundle volume in DTI as the analysis index; it mainly takes into account the variation of these two quantitative evaluation indices ([@B28]). Finally, the injection of gadolinium may have some influence on the FA value. However, the changes after contrast enhancement were mainly in the enhanced tumor region, while lesser changes occurred in the regions of edema and normal white matter ([@B31][@B32]).

In conclusion, in patients with brain tumors, many factors including decreased FA, higher CST displacement, and lower distance between the CST and the tumor (in comparison with patients with normal muscle strength), the CST passing through the tumor, closeness to the tumor, closeness to a malignant tumor, and CST passing through infiltrating edema, contribute to the motor weakness. However, decreased FA combined with closeness of fiber tracts to a malignant tumor, is the optimal factor predicting CST injury in patients with brain tumors.
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![Measuring displacement of affected CST.\
Displacement of affected CST was determined according to distance (m) between symmetrical position of contralateral CST and actual CST position. Vertical distance between contralateral CST and its symmetrical position to center line is same (a). CST = corticospinal tract](kjr-18-844-g001){#F1}

![ROC curves for predicting motor weakness.\
ROC curves of rFA, minimum distance, displacement and predicted probabilities from logistic regression model. Areas under curves were 0.92, 0.81, 0.69, and 0.96, respectively. rFA = relative fractional anisotropy, ROC = receiver operating characteristic](kjr-18-844-g002){#F2}

![Predictable value of CST passing through tumor.\
**A, B.** Affected CST (red) passes through low-grade glioma (WHO grade II) in left basal ganglia region. **C.** Some fiber tracts are interrupted. rFA of affected side is 0.54. Logistic regression result was positive. Right upper and lower extremity muscle strength were both level 4. WHO = World Health Organization](kjr-18-844-g003){#F3}

![Predictable value of CST close to malignant tumor.\
Affected CST (red) close to metastatic tumor is mildly displaced, and FA **(A)** is slightly decreased (rFA = 0.98) compared to contralateral CST (blue). Fibers passing through peritumoral edema **(B)** show integration **(C)**. Logistic regression result was positive. Right upper and lower extremity muscle strength were both level 3. FA = fractional anisotropy](kjr-18-844-g004){#F4}

![Predictable value of decreased rFA.\
Affected CST (red) close to anaplastic astrocytoma (WHO grade III) is slightly displaced posteriorly, and FA **(A)** is decreased (rFA = 0.79) compared to contralateral CST (blue). Fibers passing through peritumoral edema **(B)** show integration **(C)**. Logistic regression result was positive. Right upper and lower extremity muscle strength were both level 3.](kjr-18-844-g005){#F5}

###### Displacement, Minimum Distance and rFA of Corticospinal Tract between Normal and MW Group

![](kjr-18-844-i001)

                          NMW (n = 64)    MW (n = 33)   *P*
  ----------------------- --------------- ------------- ----------
  Displacement (mm)       4.64 ± 6.65     8.44 ± 6.64   0.009
  Minimum distance (mm)   14.87 ± 12.04   3.98 ± 7.49   \< 0.001
  rFA                     0.98 ± 0.05     0.83 ± 0.11   \< 0.001

MW = motor weakness, NMW = no motor weakness, rFA = relative fractional anisotropy

###### Frequency of Number of Corticospinal Tract Locations between Normal and MW Group

![](kjr-18-844-i002)

            NMW (n = 64)   MW (n = 33)   χ^2^     *P*
  --------- -------------- ------------- -------- ----------
  PT, %                                  9.468    0.002
   No       66 (64)        28 (27)                
   Yes      0 (0)          6 (6)                  
  CT, %                                  30.180   \< 0.001
   No       58 (56)        10 (10)                
   Yes      8 (8)          24 (23)                
  CMT, %                                 35.514   \< 0.001
   No       65 (63)        15 (15)                
   Yes      1 (1)          19 (18)                
  PIE, %                                 14.223   \< 0.001
   No       56 (54)        15 (15)                
   Yes      10 (10)        19 (18)                
  PPVE, %                                2.476    0.116
   No       61 (59)        27 (26)                
   Yes      5 (5)          7 (7)                  

CMT = close to a malignant tumor, CT = close to the tumor, PIE = passed through infiltrating edema, PPVE = passed through pure vasogenic edema, PT = passed through the tumor
